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Abstract: Large, intact areas of tropical peatland are highly threatened at a global scale by the expansion
of commercial agriculture and other forms of economic development. Conserving peatlands on a landscape
scale, with their hydrology intact, is of international conservation importance to preserve their distinctive
biodiversity and ecosystem services andmaintain their resilience to future environmental change. We explored
threats to and opportunities for conserving remaining intact tropical peatlands; thus, we excluded peatlands
of Indonesia and Malaysia, where extensive deforestation, drainage, and conversion to plantations means
conservation in this region can protect only small fragments of the original ecosystem. We focused on a
case study, the Pastaza-Maran˜o´n Foreland Basin (PMFB) in Peru, which is among the largest known intact
tropical peatland landscapes in the world and is representative of peatland vulnerability. Maintenance of
the hydrological conditions critical for carbon storage and ecosystem function of peatlands is, in the PMFB,
primarily threatened by expansion of commercial agriculture linked to new transport infrastructure that
is facilitating access to remote areas. There remain opportunities in the PMFB and elsewhere to develop
alternative, more sustainable land-use practices. Although some of the peatlands in the PMFB fall within
existing legally protected areas, this protection does not include the most carbon-dense (domed pole forest)
areas. New carbon-based conservation instruments (e.g., REDD+, Green Climate Fund), developing markets
for sustainable peatland products, transferring land title to local communities, and expanding protected areas
offer pathways to increased protection for intact tropical peatlands in Amazonia and elsewhere, such as those
in New Guinea and Central Africa which remain, for the moment, broadly beyond the frontier of commercial
development.
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Amenazas a las Turberas Tropicales Intactas y las Oportunidades para su Conservacio´n
Resumen: Extensas e intactas a´reas de turberas tropicales esta´n severamente amenazadas a escalamundial,
debido a la expansio´n de la agricultura comercial y a otras formas de desarrollo econo´mico. La conservacio´n
de las turberas como parte del medio natural, con su hidrolog´ıa no intervenida, es de importancia interna-
cional para asegurar la conservacio´n de su biodiversidad tan caracter´ıstica y de los servicios ambientales
que ofrecen, y as´ı mantener su resiliencia ante futuros cambios ambientales. Exploramos las amenazas
y las oportunidades para conservar las turberas tropicales intactas y remanentes. Nuestro enfoque por lo
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tanto excluye las turberas de Indonesia y Malasia, donde la deforestacio´n de forma extensiva y el drenado
para el establecimiento de plantaciones hace que la conservacio´n en estas regiones pueda proteger solo
pequen˜os fragmentos del ecosistema original. En este estudio, nos enfocamos en las cuencas del Pastaza-
Maran˜o´n (PMFB, siglas en ingle´s) en Peru´, que comprende una de las turberas tropicales intactas ma´s
extensas del mundo y es representativa de la vulnerabilidad que las amenaza. El mantenimiento de las
condiciones hidrolo´gicas cr´ıticas para el almacenamiento de carbono y la funcio´n ambiental de las turberas
esta´, en la PMFB, amenazada principalmente por la expansio´n de la agricultura comercial y las nuevas
v´ıas de transporte que facilitan el acceso a las a´reas remotas. En la PMFB y en otros lugares au´n hay
oportunidades para desarrollar pra´cticas alternativas y sostenibles del uso del suelo. Aunque algunas de las
turberas en la PMFB caen dentro de a´reas naturales protegidas, esta proteccio´n no incluye las a´reas con
mayor densidad de carbono (varillal hidromo´rfico). Nuevas herramientas para la conservacio´n basada en
el carbono (p.e. REDD+, Fondo Verde para el Clima), el desarrollo de mercados para los productos de las
turberas, la transferencia de t´ıtulos de propiedad de la tierra a las comunidades locales, y la expansio´n de
las a´reas protegidas ofrecen alternativas para una mayor proteccio´n de las turberas tropicales intactas en la
Amazonı´a y en otros lugares, como las turberas de Nueva Guinea y A´frica Central que permanecen, por el
momento, alejadas de la frontera de desarrollo comercial.
Palabras Clave: Amazon´ıa, carbono, tro´picos, turba, turberas
Introduction
Catastrophic fires in Indonesia in late 2015 (Chisholm
et al. 2016) represent just the latest episode in the de-
struction and degradation of some of the most exten-
sive peatland ecosystems in the tropics. The fires high-
lighted a now well-documented failure to protect these
carbon-dense systems from the combined effects of land-
use change, drainage, and episodic El Nin˜o droughts
that lead to loss of not only habitats but also release of
belowground carbon (BGC). Fortunately, in Amazonia,
Africa, and New Guinea tropical peatland ecosystems
are also widespread and often much less intensively ex-
ploited. Many can be described as intact at the landscape
scale; their hydrology is unaffected by human activity and
their vegetation cover is not fragmented or substantially
degraded. However, their importance is weakly articu-
lated within existing conservation agendas, principally
because they are poorly described and mapped and are
frequently unrecognized by local agencies and institu-
tions. We examined the services provided by large, intact
tropical peatlands, factors threatening them, and oppor-
tunities to conserve them.
We drew most of our examples from the Pastaza-
Maran˜o´n Foreland Basin (PMFB) in Peruvian lowland
Amazonia (Fig. 1) because the large extent and high car-
bon density of its peatlands, unrecognized until recently,
have stimulated scientific research and a reappraisal of
conservation strategies that have potential application
elsewhere. The existence of peat deposits in this part
of the Amazon Basin became known in the early 2000s
(Schulman et al. 1999; Ruokolainen et al. 2001; Freitas
et al. 2006), and the first systematic study of their thick-
ness and extent was by La¨hteenoja et al. (2009a, b). Up
to 7.5 m of peat has accumulated over the last 8900 years
(La¨hteenoja et al. 2012) and covers about 3.5 million ha
(Draper et al. 2014). Current best estimates of the distri-
bution of peat across the tropics (Page et al. 2011), includ-
ing extensive new discoveries in the Cuvette Centrale
of the Congo Basin (Dargie et al. 2017), suggest that the
approximately 3 Gt C stored in the PMFB (Draper et al.
2014) represents about 2.7% of the tropical peatland car-
bon stock. Carbon storage in peatlands is closely tied
to waterlogging, which encourages the anaerobic condi-
tions that limit the decomposition of organic matter. The
drainage required to convert peatlands for other uses,
such as oil-palm plantations, typically leads to rapid aer-
obic peat decomposition and loss of carbon to the atmo-
sphere, in addition to the aboveground carbon (AGC) and
biodiversity losses experienced by other forest ecosys-
tems. Peatlands are therefore vulnerable to human dis-
turbance and degradation in qualitatively different ways
Figure 1. Outline of the Amazon Basin (dashed line),
major rivers (solid lines), and peatland areas
(shaded): 1, Pastaza-Maran˜o´n Foreland Basin; 2,
floodplains of the Amazon River and its tributaries; 3,
Madre de Dı´os; 4, Rio Negro basin; 5, Negro and
Solimo˜es confluence. Sources of mapped areas are in
Supporting Information.
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Figure 2. Examples of the 3
main peatland vegetation
types in the Pastaza-
Maran˜o´n Foreland Basin,
Peru: (a) pole forest, (b)
open peatland, and (c)
palm swamp.
Figure 3. Modeled
distribution of palm
swamp, pole forest, and
open peatland vegetation in
the Pastaza-Maran˜o´n
Foreland Basin, Peru, based
on field and remote-sensing
data (Draper et al. 2014)
(see Supporting Informat-
ion for cartographic data
sources).
from other forest ecosystems, and the resulting carbon
emissions per area may be disproportionately large.
Similar to their counterparts in Southeast Asia, peat-
lands in the PMFB are composed of a range of veg-
etation types (Figs. 2 & 3) (Draper et al. 2014). The
most widespread type is palm swamp (characterized by
abundant Mauritia flexuosa palms), which covers 2.8
million ha. Peatland pole forest (characterized by short,
thin-stemmed trees) covers 350,000 ha, is apparently re-
stricted to wholly rain-fed, nutrient-poor peat domes, and
is similar in structure to forests on ombrotropic peatlands
in Southeast Asia (Anderson 1983). Peatland pole forest
is the most carbon-dense ecosystem type in Amazonia;
1391 Mg C/ha (SE 710) is stored, mostly belowground
(Draper et al. 2014). The third vegetation, open peatland
(410,000 ha), is dominated by herbaceous communities
that have not been described in detail.
Compared with the hyperdiverse terra firme forests
in the region, the peatland vegetation types have low
stand-scale (α) diversity. However, they are floristically
distinctive because they are dominated by a small number
of specialist species, although they do have a subset of
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Figure 4. Locations of potential
threats to carbon storage and
biodiversity in the peatlands of
the Pastaza-Maran˜o´n Foreland
Basin, Peru (see Supporting
Information for sources).
the species common to terra firme forests (Draper 2015).
Their compositional distinctiveness likely reflects a physi-
ologically demanding environment (anoxic,waterlogged,
and in the case of peat domes, nutrient-deficient substrate
[Rydin & Jeglum 2013]) and the effects of disturbance on
centennial tomillennial time scales through river-channel
migration (Roucoux et al. 2013).
The human population density in the PMFB is low
(2.4 people/km2 in Loreto [INEI 2015]), but the basin
is not an untouched wilderness. Palm swamps are recog-
nized by local forest communities as being resource rich
and are used for hunting game and harvesting plant re-
sources. Over 50 plant species are used for construction,
food, medicine, and ceremonial purposes, and several
forest products enter the formal economy (e.g., M. flex-
uosa fruits and vanilla orchid [Householder et al. 2010;
Gilmore et al. 2013]).
The PMFB peatlands are also important habitats for an-
imals. In palm swamps, M. flexuosa produces abundant
and nutritious fruits that support a diverse and dense
fauna, including monkeys, tapirs (Tapirus terrestris),
peccaries (Tayassu pecari), agoutis (Agouti paca),
macaws (e.g., Ara sp.), turtles, and fishes (Gilmore et al.
2013). Pole forest supports several threatened and en-
dangered bird species reported only in nearby forests
with similarly nutrient-poor white-sand soils (La¨hteenoja
et al. 2009b). The emerging picture is of a distinctive and
specialist flora and fauna of similar value to the charis-
matic biodiversity of Southeast Asian peatlands (Wich
et al. 2016).
Potential Threats to Tropical Peatland Ecosystems
Transport Infrastructure
Development of transport infrastructure in tropical
forests typically accelerates forest degradation and defor-
estation (Laurance et al. 2009). The impact is particularly
severe where such activities make a first cut through pre-
viously largely undisturbed forest (Laurance et al. 2015),
a typical scenario for intact tropical peatland landscapes.
For example, in the PMFB there are currently few roads
and no railroads, and most people and goods travel by
river (Figure 4). However, several major infrastructure
developments are planned, including the first all-weather
roads to link the PMFB to the rest of Peru and to Brazil
and Colombia; improvements to the navigability and
port facilities of major river-transport routes (hidrov´ıas);
and an electricity transmission line and service track
between Moyobamba and the regional capital, Iquitos
(Dourojeanni 2016; La Region 2016). Some of the
planned routes pass directly through regions where peat-
land pole forests are concentrated (Fig. 4).
In the PMFB such new infrastructure may have a trans-
formative effect by reducing transport costs and encour-
aging investment by commercial agriculture. Improved
access to markets for previously isolated villages, towns,
and communities also encourages immigration and small-
holder agricultural expansion. For example, in better-
connected regions of the Amazon, immigration is substan-
tial (e.g., 6%/year in Madre de Dios, southern Peru), and
smallhold farmers have tapped into markets and used mi-
grant labor to increase the area of land under cultivation
(Ichikawa et al. 2014). Building roads or railroads through
peatlands is also likely to alter drainage networks and
hydrological connectivity and thus increase the potential
for acute, negative consequences for water-table levels,
drainage paths, and flooding regimes (Barry et al. 1992),
which are critical to peatland integrity and carbon-storage
function.
Agriculture
Expansion of oil-palm plantations has been a key driver
of deforestation of tropical peatlands in Indonesia and
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Malaysia, and this model of economic development is
now expanding to previously intact forest landscapes in
other regions. For example, commercial plantations are
expanding rapidly in western Amazonia (Gutie´rrez-Ve´lez
et al. 2011) (Fig. 4) as demand for palm oil in particular is
growing and new cultivars are making cultivation more
profitable (Villela et al. 2014). In the Ucayali Region of
Peru, >9400 ha of mostly primary terra firme forest has
been cleared for oil-palm plantation since 2011 (Erickson-
Davis 2015). Immediately east of the PMFB, 2126 ha of
primary forest was cleared for cacao and oil palm be-
tween May 2013 and August 2014 by United Cacao; the
company owns more land nearby and further expansion
seems likely (Finer & Novoa 2015). Commercial agricul-
ture has not yet expanded into the peatlands in the PMFB,
but plantations and rice paddies have encroached onwet-
lands and palm swamps elsewhere in Peru (e.g., Madre
de Dios [Janovec et al. 2013]) and in Colombia (Potter
2015).
Experience in Indonesia and Malaysia vividly demon-
strates the effect of conversion of peatlands to agricul-
ture. Typically, oil-palm plantations in this region are es-
tablished on nutrient-poor peat domes. Drainage causes
the entire peat body to undergo enhanced decay, com-
paction, and oxidation (Moore et al. 2013). The dried-
out surface peats ignite easily, and the ensuing fires can
release globally significant quantities of carbon, typically
0.2 Gt C/year in recent decades and up to 0.7 Gt C/year
in El Nin˜o years such as 1997 (Dommain et al. 2014).
Hergoualc’h and Verchot (2011) conservatively estimate
the loss of carbon at 427.2 Mg C/ha (SE 90.7) over the
first 25-year oil-palm rotation cycle.
Of course, for as long as expansion of plantations in
terra firme forest is possible, conversion of peatlands
is comparatively unattractive because of the costs of
drainage and fertilization and the lack of a valuable timber
harvest during clearance. However, any strengthening
of the protection for primary terra firme forest without
concomitant improvements in protection for peatlands
would increase the risk of agricultural expansion into
these (currently) less viable areas. The severity of the po-
tential environmental impact provides strong justification
for establishing an effective legal barrier to agricultural
expansion onto peatlands. In Peru all proposals for devel-
opment, including plantations, are required to undergo a
formal environmental impact assessment, which should
mitigate the threat to peatlands as long as their BGC is
recognized. However, such legal protection is not always
effective: some plantations are alleged to have been estab-
lished illegally and without proper environmental impact
assessment (EIA 2015). In such cases the courts can inter-
vene, although sometimes only after the damage has been
done (EIA 2015; USAID 2015). Legal oil-palm plantations
can also have considerable environmental impact. For
example, in a worrying legal precedent, policy intended
to promote biofuel production has been used to justify
and obtain permission to establish plantations in primary
forest in SanMart´ın, Peru (Potter 2015), including in palm
swamps (D.d.C.T., personal observation).
Smallholder Activities
Smallholder activity represents an important land use
within and around remaining intact tropical peatlands.
In the PMFB, cultivation by smallholders is restricted to
silty alluvial soils, but palm swamps (including those on
peat) are frequently visited by smallholders collecting
wild plant resources and hunting game. Ecological im-
pacts can be considerable at sites with easy access to
the main regional market in Iquitos. Unsustainable forms
of M. flexuosa fruit harvesting involving felling female
fruit-bearing trees (Gilmore et al. 2013) and charcoal
production (Arce-Nazario 2007) are widely practiced. In
Iquitos, approximately 130 t ofM. flexuosa fruits are con-
sumed eachmonth that are the product of approximately
1078 trees (the majority of which have been felled to
harvest the fruit). This market provides a livelihood for
about 4700 people (Rojas et al. 2001; Delgado et al. 2007).
These activities directly affect vegetation communities
by, for example, changing the male : female sex ratio of
M. flexuosa populations (Horn et al. 2012) and encourag-
ing increases in the relative abundance of dicotyledonous
trees at the expense of palms (Endress et al. 2013). It is un-
known whether peatland hydrology is directly affected.
Nevertheless, at their present extent such smallholder
impacts are unlikely to be a major driver of peatland
degradation. However, the growth of commercial plan-
tations in the region is likely to stimulate smallholder
participation in cash-crop (e.g., oil palm) economies, as
has happened elsewhere (Sayer et al. 2012), which may
extend smallholder impact. Thus, although at present
the risk of widespread peatland degradation from com-
mercial and small-holder agriculture appears to be low,
whether this will remain so in future is uncertain.
Climate Change
The principal threat to peatlands associated with cli-
mate change is increased duration or severity of droughts
which, by lowering the water table, would lead to rapid
degradation of peat through oxidation and combustion
(Turetsky et al. 2015). Paleoecological records suggest
peat accumulation is sensitive to climate change. For
example, a record from the San Jorge domed peatland
in the PMFB indicates a pronounced reduction in peat
accumulation rate from AD 650 to 1550 that appears
consistent with climatic drying (Kelly et al. 2017). Al-
though predictions of future climatic change in remote
areas of intact tropical peatlands are uncertain, the tra-
jectory is likely to vary between regions. For example,
for western Amazonia, climate models typically predict
higher precipitation, greater maximum levels of river
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discharge (Sorribas et al. 2016; Zulkafli et al. 2016), and
less severe and fewer droughts as this century progresses
(e.g., Marengo et al. 2012; Langerwische et al. 2013;
Sa´nchez et al., 2015). With temperature increases of
2—4 °C, the overall effects on the precipitation : evap-
oration ratio would approximately cancel out (Marengo
et al. 2012). Hence, in terms of their water balance at
least, peatlands in the PMFB may escape the worst ef-
fects of 21st century climate change, in contrast to South-
east Asian peatlands, which are strongly influenced by El
Nin˜o droughts. This comparatively low risk of increased
drought in the PMFB enhances the value of this region as
a long-term carbon store that is worthy of protection.
Mining, Oil, and Gas
Mineral resource and hydrocarbon extraction can cause
substantial deforestation both directly and indirectly. In
the PMFB, geological hydrocarbon exploration and ex-
traction are widespread and active (Finer et al. 2015),
and some 24% of the modeled peatland area in the PMFB
lies within designated oil-extraction or exploration lots,
which also substantially overlap reserves and land held
by indigenous communities. Sizeable installations in 3
discrete areas have been operated by PetroPeru since
1972 (Fig. 4). The activities of most concern in relation
to hydrocarbon exploitation are the cutting of access
roads, pipeline access paths, and seismic survey lines.
Most survey lines quickly become overgrown, but some
are kept open by local communities. Pipeline routes are
routinely kept clear for maintenance purposes, which
improves access to remote areas and may affect peatland
hydrology if paved. Oil spills are common along pipelines
(e.g., La Republica 2013), but their ecological impacts on
peatlands have not been studied.
Hydropower
Hydroelectricity is central to development plans in Ama-
zonia, and the impact of these developments on associ-
ated aquatic and terrestrial biodiversity is a major conser-
vation concern (Lees et al. 2016). In western Amazonia,
approximately 150 major dams have been planned, in-
cluding the Mazan Dam just downstream of Iquitos.
The largest planned dam is the 4500 MW Manseriche
megadam, just upstream of the PMFB on the Rio Maran˜o´n
(Finer & Jenkins 2012). The consequences for peatlands
downstream of new dams have not been studied, but
relevant impacts may include changes to the amount
of suspended sediment, nutrients, and organic matter
transported by rivers and changes to river flow regimes
(e.g., reduction of peak flow) (Ligon et al. 1995). Such
changes could affect the nutrient status and hydrology of
floodplain peatlands and the drainage characteristics of
peats on interfluves via changes in river-water base levels.
The interaction between climate change, which may in-
crease river flows, and the development of hydroelectric
power schemes, which act to dampen seasonal cycles,
presents an added layer of complexity to the effects of
hydropower development on the PMFB.
Opportunities for Conserving Intact Tropical
Peatlands
Three key trends in conservation in the PMFB suggest
pathways for protecting intact tropical peatlands in gen-
eral: growing interest in conservation of carbon-rich areas
as a means of climate-change mitigation; involvement of
local communities in advocating for forest protection;
and continuing improvements in legal protection of ar-
eas for conservation (Fig. 5). All 3 should be pursued to
preserve intact peatlands and carbon stores while facili-
tating sustainable development of forest communities.
Carbon-Based Conservation
Payments for carbon conservation (e.g., via REDD+ [Re-
ducing Emissions fromDeforestation and Forest Degrada-
tion] and the Green Climate Fund) present perhaps the
most obvious route to protecting peatlands from avoid-
able human impacts because the high carbon density
of peatlands makes for a favorable return from carbon
conservation investments. The UN’s REDD+ involves
monitoring the 5 carbon pools identified by the Inter-
governmental Panel on Climate Change (Penman et al.
2003), including belowground biomass and soil organic
matter, which means peat carbon stocks should be ex-
plicitly taken into account. In the PMFB, 69% of all peat-
land and 67% of the exceptionally carbon-dense peat-
land pole forests are currently unprotected. Pole forests,
especially those close to planned infrastructure develop-
ments, present an obvious target for carbon conservation
projects.
There are 2 key challenges to protecting peatlands
through carbon conservation schemes. First, better spa-
tial models of peat distribution, based on an improved
understanding of peatland expression in remote-sensing
data, are needed to support carbon conservation schemes
because BGC is presently difficult to map and monitor
by remote sensing. Second, the current focus on AGC
in carbon conservation amplifies the threat to peatland
carbon stocks because peatland forests in Amazonia sup-
port much less AGC than terra firme forest. For example,
in a detailed lidar- and Landsat-based AGC map of Peru
(Asner et al. 2014), the PMFB is conspicuous as an island
of apparently low AGC within a sea of high-AGC terra
firme forest. The distribution, size, and vulnerability of
BGC stocks must be made equally visible to stakehold-
ers and policy makers to avoid the risk that agricultural
expansion could be diverted from terra firme forest into
peatlands.
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Figure 5. Protected areas and titled
land (i.e., land owned formally by
forest communities) in the
Pastaza-Maran˜o´n Foreland Basin,
Peru (see Supporting Information
for sources).
Table 1. Area of peatland and mass of carbon (percentages of the total) stored within the Pastaza-Maran˜o´n Foreland Basin, as modeled by Draper
et al. 2014, and within the different classes of land protection in the basin.
Peatland type National, regional, or private reserves Titled landa Other
All
area, in millions of ha (%) 0.84 (23.9) 0.25 (7.0) 2.44 (69.1)
carbon mass, Gt C (%) 0.76 (24.4) 0.21 (6.8) 2.13 (68.8)
Pole forest
area, in millions of ha (%) 0.10 (29.0) 0.01 (3.6) 0.24 (67.4)
carbon mass, Gt C (%) 0.14 (29.0) 0.02 (3.6) 0.34 (67.4)
Palm swamp
area, in millions of ha (%) 0.68 (24.5) 0.21 (7.7) 1.87 (67.8)
carbon mass, Gt C (%) 0.57 (24.5) 0.18 (7.7) 1.58 (67.8)
Open
area, in millions of ha (%) 0.06 (15.0) 0.02 (5.5) 0.33 (79.5)
carbon mass, Gt C (%) 0.04 (15.0) 0.02 (5.5) 0.22 (79.5)
aLand owned formally by forest communities.
Local Communities
Key to the conservation of peatlands in the PMFB, and
other intact tropical peatlands, are the people who live in
these regions. There are many examples of efforts in the
PMFB by communities, often assisted by governmental
and nongovernmental agencies, to develop sustainable
resource-management strategies (e.g., for fisheries andM.
flexuosa fruit harvesting) that are consistent with peat-
land conservation in the wider wetland ecosystem (e.g.,
Janovec et al. 2013). Elsewhere in Amazonia, conferring
land tenure to indigenous communities, as distinct from
more recent immigrants, has been argued to be partic-
ularly effective in protecting forests against the expand-
ing agricultural frontier (Oliveira et al. 2007). Numerous
ethnic groups, including the Candoshi, Awaju´n, Achuar,
Shapra, Urarina, and some Wampis and Shuar, live north
of the Rio Maran˜o´n, where peatland carbon stocks are
highest. Active programs exist with the aim of conferring
land title to indigenous communities, but the process is
highly bureaucratic, progress is slow (AIDESEP 2015),
and it does not always adequately reflect the often ex-
tensive hinterlands exploited by communities (Gilmore
et al. 2013). Titled lands (i.e., land owned formally by
forest communities) currently encompass just 250,000
ha (7%) of the total PMFB peatland area and 10,000 ha
(3.6%) of pole forest (Table 1). Improvements to land-
titling processes could therefore deliver both fairer out-
comes for marginalized communities and an expansion
of the area protected, particularly given that there is, for
the time being, less competition from commercial inter-
ests for rights to exploit peatlands relative to terra firme
forests. Better documentation of the extensive range of
ecosystem services and other benefits provided by peat-
lands to forest communities would also help make the
case for including large, hydrologically coherent areas of
peatlands in land-titling agreements.
Protected Areas
Legally implemented reserves may offer a high level of
ecological protection by privileging conservation over
development. The Pacaya-Samiria National Reserve, des-
ignated in 1972 and managed by the Peruvian National
Conservation Biology
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Parks service covers 2.1 million ha and is the largest
reserve in the PMFB. Other national and regional re-
serves (Tamshiyacu Tahuayo, Matse´s, Nanay) span an-
other 340,000 ha; together, they cover 840,000 ha
(23%) of the peatlands (Table 1). Even in these re-
serves, some oil extraction and agriculture is permit-
ted (Dourojeanni 2015), but overall they have effec-
tively constrained potentially damaging development.
New protected areas have been designated by the Pe-
ruvian government, such as the 1.3-million ha Par-
que Nacional Sierra del Divisor, southeast of PMFB
(MINAM 2015a), and the 391,000-ha A´rea de Conser-
vacio´n Regional Maijuna Kichwa, which is comanaged
by the national government and Maijuna and Kichwa
communities (MINAM 2015b). Private individuals and
nongovernmental organizations (NGOs) have also been
effective in protecting tracts of land. Several, small, pri-
vately owned reserves (up to 100 ha [Fig. 5]) exist in
and around the PMFB but are too small to protect whole
watersheds andmaintain peatland integrity. An additional
model of conservation is the Yanayacu-Maquia Conces-
sion, a renewable 40-year conservation concession cov-
ering 38,700 ha of the southern PMFB, granted by the
Peruvian government in 2006 to an NGO, Conservacio´n
Amazo´nica. Thus, several governance models can and
should be used as soon as possible to increase the area
protected within the PMFB and elsewhere before com-
mercial interests expand into these regions and make
protection politically infeasible.
The Pacaya-Samiria National Reserve is listed as a wet-
land of international importance under the terms of the
Ramsar Convention (Ramsar 2016) and was so desig-
nated (along with the adjacent Abanico del Pastaza Wet-
land) in 2002 on the basis of evidence assembled by
the World Wildlife Fund. These Ramsar sites together
encompass 63.7% (2.24 million ha) of the modeled peat-
land area. Ramsar designation does not afford formal
legal protection, but it does require an ecological in-
ventory and development of a management plan, both
of which are significant challenges (given the scale of
the sites) that have yet to be met (Ramsar 2016). Ram-
sar designation does, however, provide a basis from
which to develop further layers of protection with the
assistance of an international community of experts in
wetland management. Expansion of the Ramsar designa-
tion to encompass the entire PMFB and seeking Ram-
sar designation for other intact peatlands across the
tropics could be useful steps in facilitating formal legal
protection.
Conservation Implications for Intact Tropical
Peatlands Globally
Although the sociopolitical context differs from one
region to another, the general trends facing the con-
servation of intact tropical peatlands are similar: thou-
sands of kilometers of road and railroad are being built
or upgraded (Weng et al. 2013; Laurance et al. 2015);
numerous hydropower projects are being implemented
(Winemiller et al. 2016); oil-palm plantations are expand-
ing (Sayer et al. 2012); and extraction of various mineral
resources, not only oil and gas, is also widespread (Weng
et al. 2013). Further research to determine the vulner-
ability of tropical peatlands to future climate change is
badly needed. However, it seems that across key regions
with intact lowland tropical peatlands (includingwestern
Amazonia and western and central Africa) 21st century
climatic warming will be offset by increased rainfall, sug-
gesting that the carbon storage function of peatlands here
may be preserved.
Based on our analysis of the opportunities for conserv-
ing PMFB peatlands, we came to 3 conclusions which
may apply widely across the tropics and be tailored to
local circumstances. First, integrating carbon-based ini-
tiatives and indigenous interests with traditional biodi-
versity conservation may provide a compelling basis for
formal legal protection of tropical peatlands. A promis-
ing example of this integrated approach in the PMFB
is the very first project to be funded by the Green Cli-
mate Fund (http://www.greenclimate.fund). An invest-
ment of $10.1 M in Datem del Maran˜o´n Province, which
intersects the western edge of the PMFB (Figure 5),
will promote and develop sustainable biobusinesses run
by indigenous communities living along the Pastaza and
Morona Rivers. The project aims to increase the in-
comes of these communities through sustainable har-
vesting of forest products, while protecting peatland
carbon stocks. Similar projects could potentially be imple-
mented across many tropical peatlands and would bene-
fit from monitoring and evaluation of ongoing peatland
conservation projects in different social and ecological
contexts.
Second, established routes for conservation such as
land titling for indigenous communities and reserve des-
ignation remain highly relevant, but there is room for
more extensive and effective implementation. With the
involvement of indigenous communities, several new
regional conservation areas, such as the A´rea de Conser-
vacio´n Regional Maijuna Kichwa in Loreto, have been de-
clared in recent years in northern Peru. Our carbon map-
ping and analysis of threats suggest that similar schemes
should be applied, as a priority, to the 240,000 ha of
currently unprotected but especially carbon-dense and
sensitive domed pole forest peatlands in the PMFB. More
widely, peatland ecosystems, in parts of the Congo Basin,
for example, are not yet contested or subjected to land
grabs by corporations or states yet are still valuable to the
people who use them. Recognition of the potential biodi-
versity and carbon-based arguments for conservation of
peatlands, coupled with the extra funding opportunities
that the presence of peat brings, should enable these
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forms of protection to be applied while the land is still
perceived to be of little conventional economic value.
Third, scientific research can help address the
challenges involved in developing carbon-conservation
projects. In particular, our experience in the PMFB shows
that robust and detailed modeling of the distribution
of BGC is a prerequisite for strategic planning for car-
bon conservation. Remote-sensing approaches to peat-
distribution modeling are increasingly well established,
although field work is still vital for validating the re-
sults. Carbon-density measurements, biodiversity map-
ping, and long-term monitoring of water balance and
carbon fluxes should be a research priority, particularly
in Africa and New Guinea, where few reliable data are
available.
The unfortunate history of Indonesian and Malaysian
peat swamp forests, which seems destined to result in
their near-total loss, is a stark indication of one possible
future for currently intact tropical peatlands. Preemptive
conservation action founded on peat-distribution model-
ing and field mapping, a robust understanding of the con-
sequences of peatland drainage and land-use conversion,
and analysis of local threats and opportunities should
help avoid further unnecessary ecological losses and en-
hanced greenhouse gas emissions from the remaining
intact peatlands across the tropics.
Acknowledgments
An NERC small grant (NE/H011773/1) and PhD stu-
dentships to T.J.K. and F.C.D. helped support this re-
search.We thank J.Markel for helpwithGIS andA. Davies
for comments on an earlier version of the manuscript.
T.R.B. acknowledges support from a Leverhulme
Fellowship (RF-2015-653). C.F.V. acknowledges support
from the Gordon and Betty Moore Foundation.
Supporting Information
Data sources used in figures and tables (Appendix S1)
and a Spanish translation of the article (Appendix S2) are
available online. The authors are solely responsible for
the content and functionality of these materials. Queries
(other than absence of the material) should be directed
to the corresponding author.
Literature Cited
Anderson JAR. 1983. Mires: swamp, bog, fen and moor. Pages 181–199
in Gore AJP, editor. Ecosystems of the world. Elsevier, Amsterdam.
AIDESEP (Asociacio´n Intere´tnica de Desarrollo de la Selva Peruana).
2015. Peru at the climate crossroads: how Saweto and indigenous
communities can guide Peru down the right path. AIDESEP, Peru.
Available from http://dev.rainforestfoundation.org/wp-content/
uploads/2015/12/climate_crossroads_20pp_CMYK.pdf (accessed
December 2016).
Arce-Nazario JA. 2007. Human landscapes have complex trajectories:
reconstructing Peruvian Amazon landscape history from 1948 to
2005. Landscape Ecology 22:89–101.
Asner GP, Knapp DE, Martin RE, et al. 2014. Targeted carbon conserva-
tion at national scales with high-resolution monitoring. Proceedings
of the National Academy of Sciences 111:E5016–22.
Barry AJ, Brady MA, Younger JS. 1992. Roads on peat in East Sumatra.
Geotechnical Engineering 23:145–161.
Chisholm RA, Wijedasa LS, Swinfield T. 2016. The need for long-term
remedies for Indonesia’s forest fires. Conservation Biology 30:5–6.
Dargie GC, Lewis SL, Lawson IT, Mitchard ETA, Page SE, Bocko YE, Ifo
SA. 2017. Age, extent and carbon storage of the central Congo Basin
peatland complex. Nature 542:86–90.
Delgado C, Couturier G, Mejia K. 2007. Mauritia flexuosa (Arecaceae:
Calamoideae), an Amazonian palm with cultivation purposes in
Peru. Fruits 62:157–169.
Dommain R, Couwenberg J, Glaser PH, et al. 2014. Carbon storage and
release in Indonesian peatlands since the last deglaciation. Quater-
nary Science Reviews 97:1–32.
Dourojeanni MJ. 2015. Human impact on protected areas of the Peru-
vian Amazon. p 215–225, in Wuerthner G, Crist E, Butler T, editors.
Protecting thewild: parks andwilderness, the foundation for conser-
vation. The Foundation for Conservation, Island Press, Washington,
D.C.
Dourojeanni MJ. 2016. Revisando temas actuales e importantes de
la Amazon´ıa peruana. Sociedad Peruana de Derecho Ambiental
Actualidad Ambiental, Peru. Available from http://www.actual-
idadambiental.pe/?p=41462 (accessed December 2016).
Draper FC. 2015. Carbon storage and floristic dynamics in Peruvian
peatland ecosystems. PhD dissertation. University of Leeds, Leeds.
Draper FC, Roucoux KH, Lawson IT, et al. 2014. The distribution and
amount of carbon in the largest peatland complex in Amazonia.
Environmental Research Letters 9:124017.
EIA (Environmental Investigation Agency). 2015. Deforestation by def-
inition. EIA, Washington, D.C. https://eia-global.org/reports/defor-
estation-by-definition (accessed December 2016).
Endress BA, Horn CM, Michael P, Gilmore MP. 2013. Mauritia flex-
uosa palm swamps: composition, structure and implications for
conservation and management. Forest Ecology and Management
302:346–353.
Erickson-Davis M. 2015. Primary rainforest cleared for massive palm oil
plantations in Peru. Mongabay, 20 May. Available from http://news.
mongabay.com/2015/05/primary-rainforest-cleared-for-massive-pa-
lm-oil-plantations-in-peru/ (accessed December 2016).
Finer M, Babbitt B, Novoa S, et al. 2015. Future of oil and gas devel-
opment in the western Amazon. Environmental Research Letters
10:024003.
FinerM, Jenkins CN. 2012. Proliferation of hydroelectric dams in the An-
deanAmazon and implications for Andes-Amazon connectivity. PLoS
One 7 (e35126) https://doi.org/10.1371/journal.pone.0035126.
Finer M, Novoa S. 2015. Demonstrating that forest clearing for Ca-
cao in Tamshiyacu (Loreto, Peru) came from primary forest. MAAP
image 8. Monitoring of the Andean Amazon Project, Amazon Con-
servation Association, Peru. Available from http://maaproject.org/
2015/06/image-9-cacao-tamshiyacu/ (accessed December 2016).
Freitas L, Ota´rola E, Del Castillo D, Linare C, Mart´ınez P, Malca GA.
2006. Servicios ambientales de almacenamiento y secuestro de car-
bono del ecosistema aguajal en la Reserva Nacional Pacaya Samiria,
Loreto-Peru. Documento tecnico 29. Instituto de Investigaciones de
la Amazon´ıa Peruana, Iquitos.
GilmoreMP, Endress BA, Horn CM. 2013. The socio-cultural importance
ofMauritia flexuosa palm swamps (aguajales) and implications for
multi-use management in two Maijuna communities of the Peruvian
Amazon. Journal of Ethnobiology Ethnomedicine 9:29–52.
Gutie´rrez-Ve´lez VH, DeFries R, Pinedo-Va´squez M, et al. 2011. High-
yield oil palm expansion spares land at the expense of forests in the
Peruvian Amazon. Environmental Research Letters 6:044029.
Conservation Biology
Volume 00, No. 0, 2017
10 Tropical Peatlands
Hergoualc’h K., Verchot LV. 2011. Stocks and fluxes of carbon associ-
ated with land use change in Southeast Asian tropical peatlands: a
review. Global Biogeochemical Cycles 25:GB2001.
Horn CM, Gilmore MP, Endress BA. 2012. Ecological and socio-
economic factors influencing aguaje (Mauritia flexuosa) resource
management in two indigenous communities in the Peruvian Ama-
zon. Forest Ecology and Management 267:93–103.
Householder E, Janovec J, Mozambite AB, et al. 2010. Diversity, natural
history, and conservation of Vanilla (Orchidaceae) in Amazonian
wetlands of Madre De Dios, Peru. Journal of the Botanical Research
Institute of Texas 29:227–43.
Ichikawa M, Ricse A, Ugarte J, Kobayashi S. 2014. Migration patterns
and land use by immigrants under a changing frontier society in the
Peruvian Amazon. Tropics 23:73–82.
INEI (Instituto Nactional de Estadistica e Informatica). 2015. Den-
sidad poblacional por an˜os censales, segu´n departamento y an˜o
censal. INEI, Peru. Available from http://www.inei.gob.pe/media/
MenuRecursivo/Cap03007.xls (accessed December 2016).
Janovec J, Householder E, ToblerM, et al. 2013. As assessment of current
impacts and threats on aguajal wetlands and oxbow lakes of Madre
de Dios, Peru. World Wildlife Fund, Lima.
Kelly TJ, Lawson IT, Roucoux KH, Baker TR, Jones TD, Sanderson
NK. 2017. The vegetation history of an Amazonian domed peat-
land. Palaeogeography, Palaeolimatology, Palaeoecology 468:129–
141.
La Region. 2016. Ministerio de Transportes y gore Loreto inician la
era de la conectividad de Loreto. 31 October. La Regio´n, Iquitos.
Available fromDiariolaregion.com/web/ministerio-de-transportes-y-
gore-loreto-inician-la-era-de-la-conectividad-de-loreto/ (accessed De-
cember 2016).
La Republica. 2013. Nuevo derrame de petro´leo afecta reserva
nacional Pacaya Samiria. La Republica 20 December. Available from
http://larepublica.pe/20-12-2013/nuevo-derrame-de-petroleo-afecta
-reserva-nacional-pacaya-samiria (accessed December 2016).
La¨hteenoja O, Rojas Rea´tegui YR, Ra¨sa¨nen M, et al. 2012. The large
Amazonian peatland carbon sink in the subsiding Pastaza-Maran˜o´n
foreland basin, Peru. Global Change Biology 18:164–178.
La¨hteenoja O, Ruokolainen K, Schulman L, Oinonen M. 2009a. Ama-
zonian peatlands: an ignored C sink and potential source. Global
Change Biology 15:2311–2320.
La¨hteenoja O, Ruokolainen K, Schulman L, Alvarez J. 2009b. Amazo-
nian floodplains harborminerotrophic and ombrotrophic peatlands.
Catena 79:140–145.
Langerwische F, Rost S, GertenD. et al. 2013. Potential effects of climate
change on inundation patterns in the Amazon Basin. Hydrology and
Earth System Sciences 17:2247–2262.
Laurance WF, Goosem M, Laurance SG. 2009. Impacts of roads and
linear clearings on tropical forests. Trends in Ecology & Evolution
24:659–69.
Laurance WF, Peletier-Jellema A, Geenen B, et al. 2015. Reducing the
global environmental impacts of rapid infrastructure expansion.
Current Biology 25:255–268.
Lees AC, Peres CA, Fearnside FM, et al. 2016. Hydropower and the future
of Amazonian biodiversity. Biodiversity and Conservation 25:451–
466.
Ligon FK, Dietrich WE, Trush WJ. 1995. Downstream ecological effects
of dams. BioScience 45:183–192.
Marengo JA, Chou SC, Kay G, et al. 2012. Development of regional
future climate change scenarios in South America using the Eta
CPTEC/HadCM3 climate change projections: climatology and re-
gional analyses for the Amazon, Sa˜o Francisco, and the Parana´ River
basins. Climate Dynamics 38:1829–1848.
MINAM (Ministerio del Ambiente). 2015a. Presidente Ollanta Humala
oficializo´ categorizacio´n de Sierra del Divisor como Parque Na-
cional. MINAM, Peru. Available from http://www.minam.gob.pe/
notas-de-prensa/sierra-del-divisor-ya-es-parque-nacional/ (accessed
December 2016).
MINAM (Ministerio del Ambiente). 2015b. Se formalizo´ el establec-
imiento del A´rea de Conservacio´n Regional Maijuna Kichwa en
Loreto. MINAM, Peru. Available from http://www.minam.gob.pe/
notas-de-prensa/hoy-se-formalizo-el-establecimiento-del-area-de-
conservacion-regional-maijuna-kichwa-en-loreto/ (accessed Decem-
ber 2016).
Moore S, Evans CD, Page SE, et al. 2013. Deep instability of deforested
tropical peatlands revealed by fluvial organic carbon fluxes. Nature
493:660–663.
Oliveira PJC, Asner GP, Knapp DE, et al. 2007. Land-use allocation
protects the Peruvian Amazon. Science 317:1233–1236.
Page SE, Rieley JO, Banks CJ. 2011. Global and regional importance of
the tropical peatland carbon pool. Global Change Biology 17:798–
818.
Penman J, Gytarsky M, Hiraishi T, et al. 2003. Good practice guidance
for land use, land-use change and forestry. IPCC/Institute for Global
Environmental Strategies, Kanagawa, Japan.
Potter L. 2015. Managing Palm Oil Landscapes: A seven-country survey
of the modern palm oil industry in Southeast Asia, Latin America
and West Africa. Center for International Forestry Research, Lima.
Ramsar. 2016. Country Profiles, Peru. Available from http://www.
ramsar.org/wetland/peru (accessed December 2016).
Rojas R, Ruiz G, Ramirez P et al. 2001. Commercializacio´n de masa y
“fruto verde” de aguaje (Mauritia flexuosa L.f.) en Iquitos (Peru´).
Folia Amazo´nica 12:15–38.
Roucoux, KH, Lawson IT, Jones TD, et al. 2013. Vegetation develop-
ment in an Amazonian peatland. Palaeogeography, Palaeoclimatol-
ogy, Palaeoecology 374:242–255.
Ruokolainen K, Schulman L, Tuomisto H. 2001. On Amazonian peat-
lands. International Mire Conservation Group Newsletter 2001:8–
10.
Rydin K, Jeglum JK. 2013. The biology of peatlands. 2nd edition. Oxford
University Press, Oxford.
Sa´nchez E, Solman S, Remedio AR, et al. 2015. Regional climate mod-
elling in CLARIS-LPB: a concerted approach towards twenty-first
century projections of regional temperature and precipitation over
South America. Climate Dynamics 45:2193–2212.
Sayer J, Ghazoul J, Nelson P, BoedhihartonoA. 2012. Oil palm expansion
transforms tropical landscapes and livelihoods. Global Food Security
1:114–119.
Schulman L, Ruokolainen K, Tuomisto H. 1999. Parameters for global
ecosystem models. Nature 399:535–536.
Sorribas MV, Paiva RCD, Melack JM, et al. 2016. Projections of climate
change effects on discharge and inundation in the Amazon basin.
Climatic Change 136:555–570.
Turetsky MR, Benscoter B, Page S, et al. 2015. Global vulnerability of
peatlands to fire and carbon loss. Nature Geoscience 8:11–14.
USAID (U.S. Agency for International Development). 2015. Toward
zero-deforestation oil palm in Peru. USAID, Washington, D.C. Avail-
able from https://www.climatelinks.org/sites/default/files/asset/do
cument/FCM%2013-01%20Oil%20Palm%20in%20Peru_DRAFT_EN_
CLEARED.pdf (accessed December 2016).
Villela AA, D’Alembert BJ, Rosa LP, Freitas MV. 2014. Status and
prospects of oil palm in the Brazilian Amazon. Biomass and Bioen-
ergy 67:270–278.
Weng L, Boedhihartono AK, Dirks PHGM, et al. 2013.Mineral industries,
growth corridors and agricultural development in Africa. Global
Food Security 2:195–202.
Wich SA, Singleton I, Nowak MG, et al. 2016. Land-cover changes
predict steep declines for the Sumatran orangutan (Pongo abelii).
Science Advances 2:e1500789.
Winemiller KO, McIntyre PB, Castello L, et al. 2016. Balancing hy-
dropower and biodiversity in the Amazon, Congo, and Mekong.
Science 351:128–9.
Zulkafli Z, Buytaert W, Manz B, et al. 2016. Projected increases in the
annual flood pulse of theWestern Amazon. Environmental Research
Letters 11:014013.
Conservation Biology
Volume 00, No. 0, 2017
